Abstract: Our focus in this study is on the design and synthesis of a light-responsive peptide-based nanocarrier in order to develop effective and biocompatible drug delivery systems. The synthesized nanocarrier is basically composed of peptide amphiphiles comprising a micelle forming a Pro-Pro-Pro-Lys-Lys-Lys peptide sequence with an attached anthracene fluorophore. Anthracene containing an inner core of the micelle can serve as a storage site for poorly watersoluble drugs. Moreover, anthracenes that come in close proximity with the formation of micellar structures can undergo photodimerization upon irradiation at 365 nm, which disrupts the micelle structures formed by the self-assembly of the peptide amphiphiles. Therefore, if a drug is encapsulated within the hydrophobic core of this peptidic carrier system, its release can be induced by the controlled exposure of the anthracene moiety to UV light.
Introduction
The recent advances in stimuli responsive systems make on-demand drug delivery applicable in the field of nanomedicine. Because the delivery of a drug in spatial-, temporal-, and dosage-controlled fashions is clinically important, nanocarriers with structures that are transformable in response to external stimuli have gained increasing attention.
1 A broad range of nanocarriers with diverse sizes, architectures, and physiochemical properties have been designed. These include self-assembled peptide nanostructures, liposomes, polymer nanoparticles, dendrimers, and inorganic nanoparticles made of iron oxide, quantum dots and gold or metal oxide frameworks.
1,2
Material scientists have designed or modified the existing nanocarriers to fulfill the requirements of ideal drug delivery systems, which are biocompatible, and have a large drug payload with a controlled release function.
On-demand drug delivery systems take advantage of stimuli signals that are basically categorized into two main types: internal stimuli and external stimuli. The intracellular environments of normal tissue and diseased tissue may differ in pH values, reduction-oxidation reaction (redox) states, and the types and amounts of biomolecules.
2 These natural gradients make internal stimuli ideal triggers for the controlled release, and thus enhance the specificity of carrier. On the other hand, external stimuli play an equally important role too. Exposure to temperature changes, magnetic fields, ultrasound waves, and light and electrical fields are examples of generally used external stimuli. Light-induced drug delivery remains among the most popular stimuli-responsive strategies owing to its noninvasive nature and the possibility of remote spatiotemporal control. The drug-releasing behavior of light-triggered systems can be precisely controlled by applying specific light irradiation at a specific position. Photodimerizations, cis −trans photoisomerization, photocleavage of chemical bonds, and photoinduced heating of gold nanoparticles (AuNPs) are some examples of light-induced mechanisms. Among these, photodimerization is one of the oldest and most well-established mechanisms for manipulating various types of light-sensitive molecules. 3 The photodimerization reaction can be reversed upon the application of an appropriate wavelength of light. This simple reversible reaction, which allows a rapid change in the size of molecules, has generated considerable interest in the development of new photoresponsive systems for diverse applications-in particular, drug delivery. The first example of a photoresponsive delivery system was based on the photodimerization reaction of coumarin, which was developed by Fujiwara et al. in 2003. 4, 5 Coumarin undergoes a [2 +2] photodimerization reaction, forming a cyclobutane dimer. This feature of coumarin-containing materials leads to effective and direct control over the guest uptake and release.
Apart from coumarin, anthracene and its derivatives have been used in many light-responsive systems.
6−20
Although anthracene shows some toxicity in the living systems, its derivatives are not necessarily toxic. This enables their use in drug delivery applications. In the present study, our main goal was to take advantage of the photoactive anthracene moiety to synthesize a light-activated drug delivery system. For this purpose, we designed and synthesized a novel anthracene-containing, micelle-forming peptide and investigated the structural disruption of peptide assembly with UV light.
Results and discussion
In order to incorporate anthracene into peptide structure, anthracene-2-carboxylic acid was synthesized by following a procedure described in the literature. 21 First, 2-methylanthraquinone (1) was oxidized to obtain anthraquinone-2-carboxylic acid (2) using chromium trioxide-acetic acid in high yield. Then anthraquinone-2-carboxylic acid was reduced to anthracene-2-carboxylic acid (3) by means of zinc-ammonia and the expected product was isolated in 72% yield as a crystalline compound (Scheme 2). Peptide amphiphiles typically consist of a hydrophilic, a peptide head group, and a hydrophobic alkyl tail. Micelle-forming Pro-Pro-Pro-Lys-Lys-Lys peptide 22 was chosen as the head group and it was synthesized by using solid-phase peptide synthesis (SPPS) following Fmoc strategy on Rink amide resin. 6-Aminohexanoic acid (Ahx) was used both as an alkyl tail and a spacer to increase the conformational freedom of the anthracene moiety. Anthracene-2-carboxylic acid (3) was coupled to Ahx-Pro-Pro-Pro-Lys-Lys-Lys peptide while peptides were still on resin. Then it was cleaved from resin via TFA, resulting in an anthracene-Ahx-Pro-Pro-Pro-LysLys-Lys (Ant-PK) peptide ( Figure 1 ). After the synthesis of Ant-PK, it was purified by reverse phase high performance liquid chromatography (RP-HPLC) using a C18 column. In order to obtain peptide micelles, 0.5 wt. % Ant-PK peptide solution was prepared in water and the pH of the peptide solution was set to 11 using 1 M NaOH solution to neutralize positive charges on lysine residues. However, contrary to our expectations, both transmission electron microscopy (TEM) images and dynamic light scattering (DLS) analysis indicated no evidence of micellar structure. In light of this finding, the pH of the peptide solution was fixed to 4 using 1 M HCl solution. TEM images proved that peptides were self-assembled into micelles around 100-200 nm in size, even though lysine residues were positively charged under acidic pH ( Figure 2 ).
Hydrodynamic size of peptidic micelles was also analyzed by DLS measurement and the mean of ten measurements was taken. Average hydrodynamic size was 468 ± 74 nm, as shown in Figure 3 . Since it is known that charged peptides are quite hydrophilic, the thickness of the hydration layer was reasonable and consistent with the particle size obtained from the TEM image. Irradiation experiments were performed with aliquots taken from the peptide solution in 10-min irradiation intervals with a total irradiation time of 30 min. Because the extended Π-systems in anthracene were broken via dimerization reaction, fluorescence emission that drives from fully conjugated aromatic system was decreased significantly. Therefore, dimerization was followed with anthracene emission spectra in an aqueous solution. The intensity of the maximum emission peak at 440 nm was decreased by irradiation. On the basis of the signal intensity decrement, overall conversion of the photodimerization reaction was 59% (Figure 4 ).
The TEM image of peptide after 30 min of irradiation indicated the partial disruption of micellar structure because of the conformational changes in anthracene structure ( Figure 5A ). DLS measurements also supported this structural change. Average hydrodynamic size was 993 ± 165 nm, as shown in Figure 5B . In consideration of these findings, the designed peptidic photoresponsive micellar system can be used a potential drug carrier.
To summarize, we synthesized a peptide-based potential nanocarrier with photoactive anthracene moiety. An aqueous solution of Ant-PK peptide formed a micellar structure at pH 4. Irradiation of the peptide system with a 365 nm light source partially disrupted their structure, thus providing control over their structural integrity. Despite the fact that some hurdles remain to be overcome, the results presented in this study demonstrate that these systems are very promising for controlled drug release with noninvasive light exposure. 21 2-Methylanthraquinone (1) (1 g, 4.5 mmol) and acetic acid (50 mL) were added to a double-necked flask fitted with a condenser. A mechanical stirrer and a thermocouple were also placed into the flask. The reaction mixture was warmed gently with stirring to dissolve 2-methylanthraquinone. Then anhydrous CrO 3 (5.4 g, 54 mmol) was added slowly with vigorous stirring. The solution mixture was heated to 85
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Anthraquinone-2-carboxylic acid (2) (0.5 g, 2 mmol), zinc dust (2.6 g, 40 mmol), CuSO 4 .5H 2 O (0.1 g, 0.4 mmol), and aqueous ammonia (35 mL, 26%) were added to a 100-mL flask. The reaction mixture was stirred with a magnetic stirrer under reflux at 70
• C for 5.5 h. Then the reaction temperature was increased to 85 • C and kept for 2 h at this temperature. The completed hot reaction mixture was filtered to remove insoluble residues and the filtrate was cooled. After that, the filtrate was acidified with dilute HCl (1:1) until pH was between 4 and 5. The precipitated yellow solid was filtered and dried in a freeze dryer. Then the yellow solid was recrystallized in acetic acid. The reaction was completed with 72% yield. 
Synthesis of Ant-PK peptide
Ant-PK peptide was synthesized using standard SPPS methods on Rink amide MBHA resin (0.25 mM scale, Figure 6 ) and identity was verified by mass spectrometry (Figure 7 ). An Ant-PK peptide was obtained with 99.8% purity according to absorption peak at 214 nm. The mass of the purified peptide was confirmed with HRMS in positive ion mode.
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RP-HPLC analysis
RP-HPLC was performed on a Dionex UltiMate 3000 HPLC system, employing a Thermo Scientific Hypersil Gold C18 column (250 × 10 mm, 5 µ m) (Waltham, MA, USA) at a flow rate of 2 mL/min at 40
• C. Acetonitrile/water gradient containing 0.1% trifluoroacetic acid (5%-100%, 1-70 min) was utilized as eluent.
Peptide was dissolved in 10% acetic acid solution. The concentration of the peptide was adjusted to 20 mg/mL.
Of this peptide solution, 1.5 mL was purified for one batch by 2-mL injection loop and purification repeated consecutively. The purity of each fraction was assessed with analytical RP-HPLC before combining pure fractions. Analytical HPLC was performed on a Dionex UltiMate 3000 HPLC system (Sunnyvale, CA, USA) equipped with a Thermo Scientific Acclaim 120 C18 column (46 × 150 mm, 3 µ m). Elution of the peptides was achieved using an acetonitrile/water gradient containing 0.1% trifluoroacetic acid (5%-100%, 1-30 min, flow 0.4 mL/min). After purity of collected fractions confirmed by analytical HPLC, lyophilization was achieved using a Telstar Cryodos Freeze Dryer (Bristol, PA, USA) and peptide was stored at -20 • C.
Mass analysis of peptide
The concentration of synthesized peptide was adjusted to 1 mg/mL with water and characterized by mass spectrometry on an Agilent 6530 Q-TOF mass spectrometer equipped with an electrospray ionization source (Santa Clara, CA, USA).
NMR analysis
1 H NMR and 13 C NMR spectra were recorded on a Bruker 400 MHz spectrometer (Billerica, MA, USA)
with DMSO-d 6 as a solvent. Unless otherwise indicated, chemical shifts are reported in ppm downfield from tetramethylsilane at room temperature using deuterated solvents as an internal standard. Abbreviations used for splitting patterns are as follows: s = singlet, br s = broad singlet, d = doublet, t = triplet, and m = multiplet.
TEM
TEM measurements were performed on a JEM-2100F (JEOL, Tokyo, Japan) microscope operating at 200 kV.
Aliquots of 0.5 mM peptide solutions were gently dripped onto holey carbon coated TEM grids and the grids were negatively stained with 1 wt. % aqueous uranyl acetate solution in water; excess materials were removed by washing with water. TEM samples were air-dried for 3 h prior to imaging.
DLS measurements
Before and after irradiation, hydrodynamic sizes of micellar Ant-PK peptides were measured using a Zetasizer Nano-ZS (Malvern Instruments Ltd., Malvern, UK). Average hydrodynamic sizes were obtained by cumulative analysis of autocorrelation data. Samples were placed in polystyrene cells, which were cleaned with ultrapure water. Measurements were taken 10 times at 25
• C in order to check their reproducibility.
Photodimerization reaction
Samples were irradiated with a mercury medium pressure lamp. The lamp is contained in double-walled immersion wells made of quartz, allowing water cooling and/or filtering of excitation radiation. All irradiations were carried out for 10 min and repeated three times.
Fluorescence spectroscopy
Fluorescence spectra were recorded on a Varian Cary Eclipse fluorescence spectrophotometer (Agilent). All spectra were taken at room temperature with an integration time of 0.1 s. The slit width was set at 5 nm for excitation and emission. Emission spectra were obtained from 380 to 600 nm with excitation at 365 nm. The EMT detector voltage was arranged at 480 nm.
